Rapid trafficking of glutamate receptors contributes importantly to synaptic plasticity, but whether similar trafficking extends to other ionotropic receptors is unknown. Nicotinic acetylcholine receptors containing ␣7 subunits are widely expressed in the nervous system and allow calcium influx. Because of this, ␣7-containing receptors regulate diverse events, depending on the signaling pathways available. We find that the receptors codistribute with target soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) postsynaptically and that nicotinic stimulation rapidly induces SNARE-dependent vesicular endocytosis accompanied by receptor internalization. At the same time, a SNARE-dependent process recruits receptors to the cell surface from internal pools. Overall, the trafficking does not markedly change the number of surface receptors or their combined whole-cell response to nicotine. SNAREdependent trafficking is needed, however, for the receptors to remain capable of activating the transcription factor cAMP response element-binding protein and attendant gene expression when repeatedly challenged. Thus, trafficking appears to be essential for maintaining functional coupling between ␣7-receptor responses and downstream signaling.
Introduction
Rapid trafficking of glutamate receptors in the postsynaptic neuron is an important vehicle for synaptic plasticity. Receptor trafficking can generate long-term potentiation by quickly increasing the number of postsynaptic AMPA receptors. Similarly, longterm depression can result from decreases in AMPA receptors brought on by rapid trafficking. Receptor transport in these cases can occur between surface and intracellular pools or between synaptic and extrasynaptic pools on the cell surface. Elaborate intracellular and transmembrane machinery including components such as stargazin, postsynaptic density-95 (PSD-95)/Discs large/zona occludens-1 (PDZ)-containing proteins, and soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein (SNAP) receptor (SNARE)/NSF-dependent processes promote the trafficking (Malinow and Malenka, 2002; Song and Huganir, 2002; Bredt and Nicoll, 2003; Tomita et al., 2003) .
Like glutamate receptors, nicotinic acetylcholine receptors (nAChRs) are cation-selective channels capable of mediating excitatory transmission. One of the most abundant and widely expressed is a species composed of ␣7 subunits (Broide and Leslie, 1999; Berg and Conroy, 2002) . Such receptors (␣7-nAChRs) reach the highest levels in early postnatal life (Adams et al., 2002; Falk et al., 2003) , possibly providing early forms of excitation and help with maturation in the nervous system. The ␣7-nAChR combines features of several glutamate receptor subtypes. It rapidly desensitizes like many AMPA receptors and has a high relative permeability to calcium, like NMDA receptors (Bertrand et al., 1993; Seguela et al., 1993) . This latter feature enables ␣7-nAChRs to influence numerous calcium-dependent events, including gene expression Hu et al., 2002) , as do NMDA receptors (Greenberg and Ziff, 2001; Vanhoutte and Bading, 2003) . Also like NMDA receptors, ␣7-nAChRs and related subtypes codistribute with postsynaptic PDZ-containing proteins of the PSD-95/synapse-associated protein 90 family (Conroy et al., 2003; Parker et al., 2004) .
In the CNS, ␣7-nAChRs are found both presynaptically and postsynaptically at a variety of synapses (McGehee et al., 1995; Gray et al., 1996; Alkondon et al., 1997 Alkondon et al., , 1998 Frazier et al., 1998; Hefft et al., 1999; Jones et al., 1999; Fabian-Fine et al., 2001; Hatton and Yang, 2002; Levy and Aoki, 2002) . Studies on hippocampal neurons in culture indicate the receptors are initially localized, in part, on filopodial-like extensions and on spine-like structures (Kawai et al., 2002) . High levels of ␣7-nAChRs are found on chick ciliary ganglion (CG) neurons, where they are concentrated on somatic spines and mediate synaptically driven calcium-dependent regulation of signaling and gene expression (Liu and Berg, 1999; Shoop et al., 1999 Shoop et al., , 2001 Chang and Berg, 2001) . These findings raise the question of whether ␣7-nAChRs are subject to the kinds of trafficking found for glutamate receptors.
We show here that ␣7-nAChRs on somatic spines undergo rapid activity-driven, calcium-dependent trafficking that requires functional SNAREs. The trafficking produces vesicular endocytosis and internalization of surface ␣7-nAChRs. Coordinated with the internalization is a recruitment of internal ␣7-nAChRs to the cell surface. Although the trafficking does not produce obvious changes in the number of surface receptors or their whole-cell response, it is required for sustained coupling with downstream signaling pathways. Without it, the receptors lose their ability to activate the transcription factor cAMP response element-binding protein (CREB) when reexposed to agonist. These results suggest a novel postsynaptic role for SNAREdependent trafficking in neurons.
Materials and Methods
Cell cultures. Dissociated embryonic day 8 (E8) CG neurons were grown in culture for 6 -8 d on glass coverslips coated with poly-D-lysine, fibronectin, and lysed fibroblasts as described previously (Nishi and Berg, 1981; Zhang et al., 1994) . Dissociated E14 CG neurons were prepared and maintained for 1-4 h on glass coverslips lacking the lysed fibroblasts. For binding experiments, cells were plated in plastic dishes coated with poly-D-lysine. Drug treatments initiated before nicotine exposure were as follows, unless indicated otherwise: D-tubocurarine (dTC), methyllycaconitine (MLA), KN93, and sucrose for 30 min; thapsigargin for 15 min; brefeldin A (BFA) and N-ethylmaleimide (NEM) for 1 h; botulinum toxins C1, D, and the heat-inactivated versions for 2 h.
Transfections. CG neurons in cell culture for 1 h were transfected as described previously (Conroy et al., 2003) . The constructs encoded either green fluorescent protein (GFP:pEGFP-N1; Clontech, Palo Alto, CA) or GFP fused to ␣7-nAChR on the receptor C terminus (␣7-nAChR-GFP). The ␣7-nAChR sequence was obtained by PCR from a chick ␣7-nAChR cDNA/pCDNA3.1 construct using 5Ј-AAACTCGAGATGGGCCTCC-GGGCGCTGATG and 3Ј-AAAGGATCCCGAGCAAAATCTTTAGAG-ACAG as the primers. PCR products of the appropriate size were cloned into the pEGFP-N1 vector and sequenced. Usually 1-2% of the neurons were successfully transfected, displaying significant levels of the protein 1 week later in culture.
Fluorescence imaging. Most fluorescence imaging was performed on freshly dissociated E14 CG neurons using techniques and reagents described in detail previously (Shoop et al., 1999; Kawai et al., 2002; Conroy et al., 2003) . The following primary antibodies and toxins were used: Alexa488-␣Bungarotoxin (Alexa␣Bgt; 200 nM; Molecular Probes, Eugene, OR) and rhodamine-␣Bgt for ␣7-nAChRs; anti-SNAP-25 monoclonal antibody (mAb) SP12 and anti-syntaxin 1 mAb HPC1 (1:250 dilutions; Santa Cruz Biotechnology, Santa Cruz, CA); anti-SV2 mAb (purified from a hybridoma line; a gift from Kathleen M. Buckley, Harvard Medical School, Boston, MA); mAb 35 for heteromeric ␣3-containing nicotinic receptors (␣3*-nAChRs); rhodamine-phalloidin for filamentous actin (F-actin; 1:500 dilution; Molecular Probes); and rabbit anti-horseradish peroxidase (HRP) cyanine 3 (Cy3) antibody (1: 250; Jackson ImmunoResearch, West Grove, PA). Secondary antibodies were used as described previously (Conroy et al., 2003) .
For dye-uptake experiments, E14 neurons were stimulated at room temperature for the indicated time with 10 M nicotine in the presence of either 5 M FM4-64 or 10 mg/ml HRP in Ringer's solution containing (in mM) 150 NaCl, 3 KCl, 2 CaCl 2 , 2 MgCl 2 , 5 glucose, and 10 HEPES, pH 7.4, unless indicated otherwise. The cells were then washed three times with Ringer's solution, stained with Alexa␣Bgt in calcium-free Ringer's solution for 5 min, and washed three more times. The cells were then viewed immediately in the case of FM4-64 staining. For HRP staining, the cells were viewed after fixing with 2% (w/v) paraformaldehyde (PFA) for 5-10 min, then washed three times with PBS, incubated with anti-HRP Cy3 antibody for 1 h at room temperature in PBS solution containing 0.25% Triton X-100 and 5% donkey serum, and then washed three times with PBS. Randomly selected cells were scored positive for colocalization of FM4-64 and Alexa␣Bgt staining if they had at least three clear sites at which the two stains codistributed. Cells were viewed through a 63ϫ, 1.4 numerical aperture oil objective on a Axiovert microscope (Zeiss, Oberkochen, Germany) equipped with a CCD camera and digital imaging using Slidebook deconvolution software (Intelligent Imaging Innovations, Santa Monica, CA). Reconstructed images were generated from z-axis stacks of 0.3-m-thick deconvolved optical sections (usually eight sections per stack). Control and experimental images were always taken with the same exposure settings and displayed with the same dynamic range of pixel intensities to facilitate direct comparison.
For experiments in which receptor internalization was to be examined, E8 neurons in culture were transfected with a construct encoding ␣7-nAChR-GFP and 6 d later were stained with anti-GFP mAb JL-8 (Clontech). After rinsing three times, cells were stimulated with 10 M nicotine for 10 min at room temperature, washed three more times, and then stripped for 5 min on ice in 0.2 M acetic acid plus 0.5 M sodium chloride. After washing and fixing with 2% PFA for 10 min, the cells were then stained for 1 h with donkey Cy3-conjugated secondary antibody in PBS containing 5% (v/v) normal donkey serum and 0.25% (v/v) Triton X-100. After rinsing three more times with PBS, the cells were viewed with fluorescence microscopy. For experiments examining possible internalization of ␣3*-nAChRs, freshly dissociated E14 neurons were incubated 10 min with mAb 35 (1:500 dilution) (Conroy et al., 2003) , rinsed three times, and treated as described above.
For experiments in which receptor appearance on the cell surface was to be examined, freshly dissociated E14 neurons were stimulated with 10 M nicotine for 1 min at room temperature, rinsed three times in Ringer's solution and then incubated for 3 min with 4 M ␣Bgt in Ringer's solution before being rinsed an additional three times, and incubated with 200 nM Alexa␣Bgt in Ringer's solution for 20 min. After one to two quick rinses in Ringer's solution, the cells were fixed with 2% PFA for 10 min, rinsed three times with PBS, and viewed with fluorescence microscopy. In some cases, the cells were costained with rhodamine-conjugated phalloidin for 1 h at room temperature in PBS containing 5% (v/v) normal donkey serum and 0.25% (v/v) Triton X-100, rinsed, and then viewed with fluorescence microscopy.
Quantification of fluorescence staining was performed with ImagePro software. Threshold conditions for automatic selection of clusters or puncta were that they contain at least 20 contiguous pixels (0.2 m 2 ) and that their average pixel intensity, after subtracting nonspecific background, be at least a fixed percentage of the maximum value obtained for clusters previously selected visually in the experiment. Thresholds of 10 and 15% of maximum were chosen for ␣7-nAChR and syntaxin 1 clusters, respectively, in colabeling experiments; thresholds of 16 and 24% of maximum were chosen for ␣7-nAChR and FM4-64 puncta, respectively, in dye-uptake experiments. For experiments quantifying ␣7-nAChR reappearance on the surface, threshold was taken to be 2% of the maximum seen for ␣7-nAChR clusters in untreated control cultures. Thresholds were chosen to exceed by at least threefold nonspecific background, which varied with the probe and conditions. Electron microscopy. Freshly dissociated E14 CG neurons were incubated with 10 M nicotine at room temperature for 5-10 min in the presence of 10 mg/ml HRP in Ringer's solution (in mM: 150 NaCl, 3 KCl, 5 CaCl 2 , 2 MgCl 2 , 17 glucose, and 10 HEPES, pH 7.2), rinsed 5 min in Ringer's solution and then in PBS, and fixed in 2% (v/v) glutaraldehyde/2% formaldehyde (Electron Microscopy Sciences, Fort Washington, PA). After staining with Vector VIP (Vector Laboratories, Burlingame, CA) for 15 min according to the manufacturer's instructions, the cells were dehydrated in an ethanol series and then embedded in Embed 812 resin (Electron Microscopy Sciences). Sections (70 nm) were cut on a Reichert ultracut E and examined on a JEOL transmission electron microscope.
125 I-␣Bgt binding. To quantify surface ␣7-nAChRs, cells were incubated for 20 min at 37°C with 10 nM 125 I-␣Bgt (263 Ci/mmol; Amersham Biosciences, Piscataway, NJ). Nonspecific labeling was determined by including 1 M unlabeled ␣Bgt (Biotoxins, St. Cloud, FL). After rinsing three times with PBS, the cells were scraped in 1N NaOH and taken for gamma counting. To determine the proportion of ␣7-nAChRs present in intracellular pools, cells were first incubated with and without 200 nM unlabeled ␣Bgt for 30 min to block surface receptors, then rinsed in PBS and permeabilized with 0.1% (w/v) saponin for 30 min, followed by labeling with 125 I-␣Bgt for 2 h all on ice, washing, scraping, and gamma counting. Controls comparing surface binding of 125 I-␣Bgt with and without a subsequent saponin treatment indicated that ϳ40% of the specific binding was lost by the detergent treatment; this reduced efficiency was assumed to apply equally to surface and internal pools of receptors.
Receptor function assays. Patch-clamp recording in voltage-clamp mode was used to measure whole-cell current responses induced in CG neurons by rapid application of nicotine from a large bore pipette as described previously (Zhang et al., 1994) . Long-term activation of CREB was determined by immunostaining for pCREB 20 min after stimulation with nicotine in the presence of 0.2 mM cadmium to block voltage-gated calcium channels (VGCCs). Cells were scored positive in an all-or-none manner if they displayed specific nuclear pCREB staining ). Both for pCREB scoring here and for immunofluorescence staining above, cells were selected at random by inspecting adjacent fields of view across the diameter of the coverslip and choosing for analysis the first 60 -100 neurons encountered. Results are presented as "percentage of long-term pCREB," meaning the proportion of neurons that displayed nuclear staining for pCREB at least 20 min after the stimulus had been removed; expression of pCREB for this duration in CG neurons has previously been shown to correlate with changes in gene expression . Statistical significance was assessed by two-way ANOVA.
Materials. White leghorn chick embryos were obtained locally and maintained at 37°C in a humidified incubator. FM4-64 was purchased from Molecular Probes, HRP was purchased from Jackson ImmunoResearch, and BFA and the botulinum toxins C1 and D were purchased from Calbiochem (San Diego, CA). All other reagents were purchased from Sigma (St. Louis, MO), unless indicated otherwise.
Results

Postsynaptic target SNAREs colocalize with ␣7-nAChR clusters
Large numbers of ␣7-nAChRs are concentrated on somatic spines arranged in clumps or mats on chick ciliary neurons (Shoop et al., 1999) . Staining freshly dissociated E14 CG neurons with Alexa␣Bgt to label ␣7-nAChRs showed the expected large clusters of receptors. Costaining the cells with mAbs either to SNAP-25 ( Fig. 1 A-C) or to syntaxin 1 (Fig. 1 D-F ) revealed that target SNAREs (tSNAREs) codistribute with the clusters. No significant staining was seen for SV2, indicating that presynaptic compartments were essentially absent ( Fig. 1G-I ) ; ultrastructural analysis previously yielded the same conclusion (Shoop et al., 1999) . The tSNARE staining was specific because it was not seen when the primary antibody was replaced with nonimmune IgG (Fig. 1 J-L) . Quantifying the codistribution indicated that 77 Ϯ 5% of the syntaxin 1 clusters overlapped with ␣7-nAChR clusters, whereas 80 Ϯ 5% of ␣7-nAChR clusters overlapped with syntaxin 1 (mean Ϯ SEM; n ϭ 60 cells from four experiments). Of the total area occupied by syntaxin 1 clusters, 72 Ϯ 4% overlaid the ␣7-nAChR cluster area, whereas 59 Ϯ 3% of the ␣7-nAChR cluster area overlaid syntaxin 1. For reference, 16 Ϯ 1% of the cell perimeter was occupied by ␣7-nAChR clusters (n ϭ 10 cells).
tSNAREs do not appear to interact directly with ␣7-nAChRs because coimmunoprecipitation experiments similar to those performed previously with nicotinic receptors and PDZcontaining proteins (Conroy et al., 2003) failed to show association of either syntaxin 1 or SNAP-25 with ␣7-nAChRs. Instead, the codistribution appears to depend on lipid rafts. Treating freshly dissociated E14 CG neurons with methyl-␤-cyclodextrin to extract cholesterol and disperse lipid rafts dispersed not only the ␣7-nAChR clusters as reported previously (Brusés et al., 2001 ) but also the tSNARE coclusters (data not shown).
Nicotinic stimulation drives SNARE-dependent postsynaptic endocytosis SNARE proteins are known to mediate both vesicular exocytosis and endocytosis (Pelham, 1999) . We tested for endocytosis by incubating E14 CG neurons with the dye FM4-64, rinsing, and examining with fluorescence microscopy. In the absence of nicotine, only occasional FM4-64-stained puncta were seen, and they rarely codistributed with ␣7-nAChR clusters (Fig. 2 A-C) . After a 5 min incubation with 10 M nicotine, however, nearly half of the cells showed marked FM4-64 labeling codistributing with ␣7-nAChR clusters (Fig. 2 D-F ) . Similar results were obtained with HRP in place of the dye. Fixing, permeabilizing, and immunostaining for intracellular HRP showed little uptake in controls ( Fig. 2G-I ) but significant HRP uptake after nicotinic stimulation, with the uptake being mostly confined to areas defined by ␣7-nAChR clusters (Fig. 2 J-L) .
Quantification showed that in the control population only 4 Ϯ 1% of the area occupied by ␣7-nAChR surface clusters codistributed with FM4-64 staining. The codistribution increased dramatically to 58 Ϯ 3% after nicotinic stimulation (mean Ϯ SEM; n ϭ 60 cells per condition from four experiments) for those cells showing dye uptake (about half of the population). The overall increase included a sevenfold increase in area stained by FM4-64 after stimulation and a twofold increase in the fractional area of FM4-64 staining codistributing with ␣7-nAChR clusters. Nicotinic stimulation did not change the portion of the perimeter occupied by ␣7-nAChR clusters (14 Ϯ 1 vs 13 Ϯ 1% for control vs nicotine-stimulated cells; n ϭ 10 cells). Thus, nicotinic stimulation dramatically increased the total amount of FM4-64 uptake, and much of the uptake was localized at sites demarcated by ␣7-nAChR clusters.
On ciliary neurons, ␣7-nAChR clusters correspond to spine mats enriched in the receptors (Shoop et al., 1999 (Shoop et al., , 2002 . Electron microscopy confirmed that nicotinic stimulation drove HRP uptake and demonstrated that the sequestered HRP could be detected in small vesicles dispersed throughout spines 15 min later (Fig. 3A) . Examining 65 such neurons revealed, on average, Ͼ30 HRP-labeled vesicles per spine. The mean size of the stained vesicles was 20 Ϯ 6 nm (ϮSEM; n ϭ 110). None was found in the cell body. Few stained vesicles were present in spines of HRPtreated cells lacking the nicotine exposure (Fig. 3B) . Quantifying the number of stained vesicles per unit area of spine yielded 29 vesicles per square micrometer for nicotine-stimulated neurons versus 0.5 vesicles per micrometer squared for unstimulated neurons (n ϭ 3 experiments). The vesicular endocytosis visualized by FM4-64 uptake depended on ␣7-nAChR activation. It was blocked not only by the general nicotinic antagonist dTC but also by the specific ␣7-nAChR blocker MLA (Fig. 4) . Replacing the nicotine with 90 mM KCl, which depolarizes the cells, did not induce uptake (data not shown). Previous studies have shown that CG ␣7-nAChRs influence downstream events in part by causing calcium influx, calcium release from internal stores, and activation of calcium/ calmodulin-dependent protein kinase II (CamKII) (Liu and Berg, 1999; Chang and Berg, 2001 ). Similar mechanisms appear to be involved in vesicular endocytosis induced by ␣7-nAChRs. Removal of extracellular calcium, blockade of calcium release from internal stores by pretreatment with thapsigargin, and inhibition of CamKII by KN93 each blocked the ability of nicotine to induce FM4-64 uptake (Fig. 4) . Nicotine was unable to stimulate dye uptake in the cold (on ice), indicating that the process was temperature dependent. Neither sucrose (400 mM) used to block clathrin-mediated endocytosis (Gicquiaux et al., 2002) nor cyclosporin used to block calcineurin prevented the nicotineinduced uptake (data not shown).
Other treatments confirmed the role of SNAREs in the endocytosis. Treating the neurons with botulinum toxins C1 and D to cleave tSNAREs and vesicle SNAREs (vSNAREs), respectively, each prevented the nicotine-induced uptake of FM4-64 (Fig. 4) . Inactivating the toxins by heat (95°C for 60 min) rendered them ineffective in the assay. NSF, which often works in concert with vSNAREs and tSNAREs to promote vesicular release and endocytosis (Sudhof and Scheller, 2001) , also appeared to be involved. Treating the neurons with low concentrations of NEM blocked the uptake (Fig. 4) . NEM has previously been used to identify a role for NSF in vesicular transport (Block et al., 1988) .
SNARE-dependent endocytosis internalizes ␣7-nAChRs
The abundance of ␣7-nAChRs on somatic spines on ciliary neurons and their proximity to tSNAREs suggested that SNAREs may mediate ␣7-nAChR trafficking. Because receptor activation was required to drive SNARE-dependent endocytosis, it was not possible to visualize receptor internalization by prelabeling with fluorescent ␣Bgt derivatives that block receptor function. Instead, CG neurons maintained in cell culture were transfected with a construct encoding a fusion protein: ␣7-nAChR coupled with GFP via the C terminus. Because the C terminus of ␣7-nAChR is extracellular, accumulation of ␣7-nAChR-GFP on the cell surface should be accessible with anti-GFP antibodies on living cells. Indeed, cells positive for GFP (expressing the transfected construct) also displayed punctate immunostaining for GFP on the cell surface, indicating the presence of ␣7-nAChR-GFP clusters (Fig. 5 A, B) . Similar clusters of native ␣7-nAChRs can be detected with Alexa␣Bgt on the neurons (data not shown). No surface immunostaining was seen for cells transfected with GFP alone as a negative control (Fig. 5C,D) , demonstrating that the surface staining obtained with the fusion protein represented receptor in the plasma membrane.
This enabled the critical experiment of labeling surface ␣7-nAChR-GFPs with anti-GFP antibodies, rinsing, treating with nicotine to induce endocytosis, and then acid-stripping to remove antibody bound to receptor remaining on the surface. Antibody retained after the acid-strip represented internalized material. Significant amounts of ␣7-nAChR-GFP were internalized by the nicotine treatment, and the internalized receptors were located in clusters near the cell surface (Fig. 5 E, F ) . In the absence of nicotinic stimulation, the receptors remained on the surface as evidenced by the fact that acid-stripping removed bound antibody and left very little detectable fluorescent clusters on or near the cell perimeter (Fig. 5G,H ) . As in the case of dye uptake, little internalization of receptor was detected in the absence of extracellular calcium (Fig. 5 I, J ) or after treatment with botulinum toxin (Fig. 5K,L) . The experiment was quite reproducible (six experiments; Ն60 cells examined per condition) with all transfected cells displaying the same phenotype. The results indicate nicotineinduced SNARE-dependent internalization of ␣7-nAChRs.
The internalization did not extend to heteromeric ␣3*-nAChRs expressed by the neurons. Such receptors can be visualized by binding mAb 35 and fluorescent secondary antibody (Conroy et al., 2003) . The protocol involved labeling first with mAb 35, which does not block receptor function, then challenging with nicotine, rinsing, allowing internalization, acidstripping, fixing, permeabilizing, and staining with fluorescent secondary antibody. No internalization was seen, and the level of residual surface staining was equivalent to that found for cells lacking the nicotine exposure (Fig. 5M-O) . Nicotine-driven SNARE-dependent endocytosis apparently removes ␣7-nAChRs preferentially.
Nicotinic stimulation recruits intracellular ␣7-nAChRs to the surface via SNAREs
In addition to inducing ␣7-nAChR internalization, nicotinic stimulation of CG neurons also triggered a rapid recruitment of internal ␣7-nAChRs to the cell surface. This was demonstrated using a multi-step protocol in which freshly dissociated E14 neurons were first stimulated with nicotine for 1 min and then rinsed quickly and incubated with saturating amounts of unlabeled ␣Bgt (4 M for 3 min) to rapidly block all ␣7-nAChRs remaining on the surface. After rinsing away unbound ␣Bgt, the neurons were incubated with Alexa␣Bgt for 15 min to detect new ␣7-nAChRs appearing on the cell surface during that time period. Rinsing, fixing, and imaging the cells revealed distinctive clusters of labeled ␣7-nAChRs (Fig. 6 A) . The labeling was specific because the clusters were not seen if nicotinic stimulation was omitted, if dTC was used to compete the nicotine, or if ␣Bgt was included along with the Alexa␣Bgt during the 15 min labeling period (Fig. 6 B-D) . The new receptor clusters appeared to localize at spine mats as defined by costaining for the spine constituent F-actin (Fig. 6 E-G) , as done previously (Shoop et al., 1999) .
The extent of ␣7-nAChR reappearance was quantified by measuring the mean intensity of specific fluorescent signal arising from individual receptor clusters, averaging the results, and comparing the mean to that obtained from untreated control cells. The net levels of receptor that appeared on the surface after nicotinic stimulation (and blockade of preexisting surface receptors with ␣Bgt as outlined above) was over one-third as great as that initially present (Fig. 6 H) . Blockade of the stimulation with dTC, omission of calcium from the medium, or treatment with either botulinum C1 or botulinum D prevented the appearance. Heat-inactivated botulinum toxins were ineffective (data not shown). The results demonstrate rapid SNARE-dependent trafficking of ␣7-nAChRs to the cell surface.
Not surprisingly, the appearance of receptors was also blocked by BFA, a compound that prevents vesicle trafficking from the Golgi (Fig. 6 H) . Interestingly, BFA also blocked nicotineinduced vesicular endocytosis as monitored by FM4-64 uptake (Fig. 4) (43 Ϯ 3% for nicotine; 4 Ϯ 3% for nicotine plus BFA). Similarly, BFA blocked ␣7-nAChR internalization as monitored by internalization of the fusion protein ␣7-nAChR-GFP (as in Fig. 5) (data not shown) . These latter results suggest that either vesicle trafficking is required for surface delivery of components needed for endocytosis (e.g., competent SNAREs) or that nicotine-induced endocytosis may be coupled with exocytosis.
Nicotine-induced trafficking does not alter ␣7-nAChR numbers or whole-cell response
Although a major function of activity-driven trafficking for AMPA receptors is regulating the number of receptors on the cell 4 nicotine drives internalization of the receptor (revealed by protection of bound anti-GFP antibody against acid stripping) in a calcium-dependent manner that is blocked by botulinum C1. In other cultures, ␣3*-nAChRs on the cell surface were labeled with mAb 35, and after rinsing, the cells were imaged after fixation, permeabilization, and labeling with fluorescent secondary antibody ( M ); or acid-washed first to remove mAb 35 and then fixed, permeabilized, and labeled ( N); or nicotine treated to induce internalization, acid-washed, and then fixed, permeabilized, and labeled ( O). In contrast to ␣7-nAChRs, the nicotine treatment did not protect mAb 35 labeling against acid-wash, indicating that no detectable ␣3*-nAChR/ antibody complex had been internalized. Similar results were obtained in two additional experiments. Scale bar, 10 m. Figure 4 : A-D, no treatment; E, F, nicotine plus acid stripping (ϩAcid); G, H, negative control, no nicotine plus acid; I, J, nicotine plus acid without extracellular calcium; K, L, nicotine plus acid after Bot C1. The ␣7-nAChR-GFP fusion protein appears in the surface membrane where it can be stained with anti-GFP antibody; Figure 6 . Nicotine-driven SNARE-dependent recruitment of internal ␣7-nAChRs onto spine surfaces. E14 CG neurons were stimulated with nicotine (10 M, 1 min), rinsed, incubated with ␣Bgt (4 M, 3 min) to block surface ␣7-nAChRs, rinsed again, and then incubated with Alexa␣Bgt for the next 15 min to visualize receptors newly appearing on the surface. Distinctive clusters appeared on such cells ( A) that were absent when nicotine was omitted ( B), dTC was included with the nicotine ( C), or ␣Bgt was included with the Alexa␣Bgt ( D). The newly appearing ␣7-nAChR clusters ( E) colocalized with spine mats as defined by costaining with phalloidin for F-actin ( F) and merging the images ( G). Scale bar, 10 m. H, Relative levels of staining were quantified as described in Materials and Methods. Values represent the mean Ϯ SEM of results from Ն60 cells compiled from three or more experiments per condition and have been normalized to levels seen on untreated cells before blockade of surface receptors with unlabeled ␣Bgt (defined as 100%). Background values, representing the fluorescence observed over noncellular regions of the substratum, have been subtracted. Nicotine (Nic) induces a substantial increase in the number of ␣7-nAChRs seen on the surface compared with untreated controls (Con), and the effect is blocked by dTC, removal of extracellular calcium (Lo Ca), botulinum toxins C1 (BotC1) and D (Bot D), and BFA.
surface, this does not seem to be the primary function of the ␣7-nAChR trafficking observed here. Quantifying ␣7-nAChRs on neurons with ( 125 I)␣Bgt before and after nicotinic stimulation revealed approximately equivalent numbers (Fig. 7A) . Blocking preexisting surface ␣7-nAChRs with unlabeled ␣Bgt showed that the nicotine treatment (immediately before blockade with ␣Bgt) recruited unblocked receptors to the surface, equaling approximately one-third of those initially present. This is in good agreement with the fluorescence measurements above. BFA prevented the appearance, again in agreement with the fluorescence measurements, but did not change the total number of surface ␣7-nAChRs. That the neurons normally contain substantial internal pools of ␣7-nAChRs was shown by comparing the number of ( 125 I)␣Bgt-binding sites found for saponinpermeabilized cells that had previously been incubated with and without unlabeled ␣Bgt to block surface sites. The internal pool represented 45 Ϯ 4% of the total (mean of two experiments).
In agreement with the ( 125 I)␣Bgt-binding studies, patchclamp recording indicated that the nicotine-induced whole-cell response did not depend on nicotine-induced SNAREdependent trafficking. This was demonstrated by dividing cells into control and BFA-treated groups and then stimulating with 10 M nicotine for 1 min, followed by a 20 min incubation to allow trafficking to occur. Then, testing the whole-cell response to rapid application of nicotine for 1 s revealed no significant difference between control and BFA-treated neurons in time course or amplitude of the response (Fig. 7B) . Mean peak amplitudes, which reflect primarily the ␣7-nAChR component (Liu and Berg, 1999) , were 216 Ϯ 20 and 217 Ϯ 13 pA/pF (mean Ϯ SEM; n ϭ 6 -11 cells) for control and BFA-treated cells, respectively.
SNARE-dependent trafficking is needed to sustain receptor coupling with downstream events
Surprisingly, blocking nicotine-induced SNARE-dependent trafficking had a profound effect on the ability of ␣7-nAChRs to activate the transcription factor CREB when rechallenged with nicotine after an initial exposure. Normally, nicotinic stimulation of E14 CG neurons produces long-term activation of CREB and changes in gene expression when VGCCs are silent . VGCCs can be silenced by including either cadmium or nifedipine with the nicotine. In this case, activated CREB in the nucleus, as seen by immunostaining for phosphorylation on ser 133 (pCREB), remains long after the nicotine is removed. If instead VGCCs are allowed to remain active, the pCREB is rapidly lost after nicotine removal and does not correlate with changes in gene expression ). These features can be used to test the role of SNARE-dependent trafficking in ␣7-nAChR-mediated induction of long-term pCREB.
The protocol was initiated by a 1 min exposure to nicotine, followed by a 20 min recovery to allow trafficking to occur (Fig.  8 A) . Then, to induce long-term pCREB, nicotine was applied a second time (5 min), along with cadmium to inhibit VGCCs. After a second 20 min recovery, the cells were immunostained for nuclear pCREB (Fig. 8 A) . The initial nicotine incubation did not itself produce long-term pCREB because VGCCs were not blocked at that time; nor did it have any effect on the ability of nicotine (plus cadmium) in the second incubation to induce long-term pCREB (Fig. 8 B, C, compare Med for No-Stim and Nic conditions). Blockade of SNARE-dependent trafficking by botulinum toxin also had no effect on the pCREB assay (Fig. 8 B, compare Med and BotC1). If, however, ␣7-nAChRs had previously been exposed to nicotine, then and only then did botulinum toxin prevent subsequent nicotine from inducing long-term pCREB (Fig. 8C, asterisk) . Only the ␣7-nAChR component was affected (i.e., the portion of the long-term pCREB signal that could be blocked by ␣Bgt). Botulinum toxin had no effect if the ␣7-nAChRs were blocked with MLA during the first nicotine exposure (Fig. 8 D) or if nicotine was replaced by KCl in the first exposure (Fig. 8 E) . Substituting BFA for the botulinum toxin produced equivalent results (data not shown). Thus, SNAREdependent trafficking became critical for subsequent long-term pCREB induction by ␣7-nAChRs if the receptors had previously been exposed to agonist in a way that would induce trafficking. Although the ␣7-nAChRs remained capable of generating in- Figure 7 . Effects of trafficking on the surface pool of ␣7-nAChRs. A, Quantification of surface ␣7-nAChRs using 125 I-␣Bgt binding. E14 neurons were incubated for 1 min with culture medium only (Control), with medium containing 10 M nicotine (Nic) or 10 M nicotine plus 10 g/ml BFA (Nic/BFA), and then rinsed and incubated an additional 20 min with 125 I-␣Bgt to label surface ␣7-nAChRs. BFA, when present, was added 1 h before the nicotine. For measurement of ␣7-nAChRs newly trafficked to the surface, cells were preblocked (ϩ) with ␣Bgt (4 M, 3 min) immediately after removing the nicotine and then rinsed further before exposure to 125 I-␣Bgt. For total surface ␣7-nAChRs, the preblock with ␣Bgt was omitted (Ϫ). Values represent the mean Ϯ SEM of results from nine cultures compiled from three experiments per condition. Nicotine treatment recruited ␣7-nAChRs to the surface in a manner that required vesicular trafficking. The amount was equivalent to nearly one-third of that initially present on the surface but did not increase the total number significantly. Under these conditions, nicotineinduced receptor recruitment to the surface approximately equaled receptor internalization. B, Whole-cell patch-clamp recording in voltage-clamp mode showing typical responses in CG neurons to rapid application of 20 M nicotine for 1 s from a large bore pipette. The responses were elicited 20 min after the cells were incubated with nicotine (Nic) or nicotine plus BFA (Nic/BFA) as in A but omitting preblock with ␣Bgt. Blockade of receptor trafficking with BFA had no obvious effect on the response.
ward current after the first incubation with nicotine ( Fig. 7B) , they apparently became uncoupled from the signaling pathway that would enable them to activate CREB. SNARE-dependent trafficking was required to reestablish the link.
Discussion
We show here that ␣7-nAChRs on neurons are subject to rapid SNAREdependent trafficking. The trafficking can be bidirectional, involving both internalization of activated receptors to remove them from the cell surface and recruitment of new receptors from intracellular pools to repopulate the surface. It is initiated by receptor activation and requires extracellular calcium, calcium release from internal stores, and CamKII. The underlying cellular machinery includes tSNAREs and vSNAREs with the likely involvement of NSF. The trafficking can be substantial, replacing one-third of the total surface pool within minutes, and does so without producing dramatic changes in receptor number or responsiveness. Instead, the trafficking appears essential for maintaining coupling between receptor activation and downstream signaling pathways. This is the first demonstration, to our knowledge, of rapid activity-induced trafficking of ionotropic receptors at nonglutamatergic synapses, and it suggests a novel role for such trafficking.
Previously described forms of trafficking for nicotinic receptors operate on slower time scales. Several hours are required for constitutive receptor synthesis, transport, and insertion into the plasma membrane. Agonist-induced downregulation of nicotinic receptors also occurs over hours and involves a significant reduction in the complement of receptors on the neuron surface (Messing, 1982; Stollberg and Berg, 1987) . At the neuromuscular junction, receptor blockade can accelerate the rate of nicotinic receptor removal, but both the mechanism and time course differ significantly from that seen here for ␣7-nAChRs (Akaaboune et al., 1999) .
The rapid trafficking of ␣7-nAChRs induced here by nicotine was dependent on SNARE proteins both for receptor internalization and receptor recruitment to the cell surface. This was illustrated by showing sensitivity of both processes to botulinum toxin. SNARE-dependent mechanisms are known to deliver components to the plasma membrane and to remove them as well (Pelham, 1999; Jahn et al., 2003) . The ability of BFA to block both ␣7-nAChR internalization and recruitment suggests that either the two processes are coupled or that vesicle trafficking to the surface is required for maintaining endocytic capability in this case. The large intracellular pools of ␣7-nAChR are certainly sufficient to provide a source of receptors for rapid recruitment to the cell surface, but internalized receptors may recycle as well. Recycling is known to occur for AMPA receptors (Ehlers, 2000) .
Essentially all of the CG neurons examined here appeared capable of nicotine-induced SNARE-dependent ␣7-nAChR internalization and recruitment. Ciliary neurons, which comprise half of the neurons in the ganglion, display large ␣7-nAChR clusters that represent groups of somatic spines or spine mats heavily endowed with receptors (Shoop et al., 1999 (Shoop et al., , 2002 . Choroid neurons, which make up the other half, tend to be smaller and have smaller ␣7-nAChR clusters; their associated postsynaptic specializations have yet to be described at the ultrastructural level. Choroid and ciliary neurons are difficult to distinguish at the lightmicroscopic level in dissociated cell preparations; no effort was made to resolve them here. It is possible that the two neuronal populations respond somewhat differently to nicotine, perhaps accounting for some of the cellular heterogeneity in the FM4-64 uptake experiments. The fact that receptor internalization and reappearance was prominent at sites demarcated by large ␣7-nAChR clusters and F-actin staining provided reassurance that receptors on somatic spines participated in the trafficking.
Ultrastructural analysis identified small HRP-filled vesicles appearing within spines on ciliary neurons after stimulation with nicotine and presumably contained the internalized ␣7-nAChRs. The internalization was unlikely to depend on clathrin-mediated endocytosis because it was not affected by high sucrose concentrations. This differs from one type of AMPA receptor trafficking that relies on diffusion of receptors to juxtasynaptic sites and then internalization via clathrin-mediated endocytosis (Carroll et al., After rinsing, the cells were given a first recovery period of 20 min to allow trafficking. Then, to induce pCREB, the cells received a 5 min second incubation in culture medium with cadmium (to block VGCCs) and no additives (control), nicotine (nic), or nicotine with ␣Bgt applied 10 min earlier (nic/␣Bgt) to block ␣7-nAChRs, followed by rinsing and a second 20 min recovery period before immunostaining for nuclear pCREB. Cells were pretreated either with medium alone (Med) or with botulinum toxin C1 (BotC1) to block SNARE-dependent trafficking. Values represent the mean Ϯ SEM of results compiled from three experiments. Blockade of SNARE-dependent trafficking by botulinum toxin specifically inhibited the ability of ␣7-nAChRS to drive CREB activation during the second incubation, if and only if the receptors had been exposed to nicotine in the first incubation (*p Ͻ 0.001 comparing BotC1 and Med for Nic-induced pCREB in C). Neither the blockade of trafficking nor the first incubation with nicotine or KCl had any other effect in the pCREB assay.
